Infection with human immunodeficiency virus (HIV) causes chronic, progressive destruction of the host's immune system and, in a subset of individuals, neurological dysfunction of variable clinical severity (11, 46) . The most common HIV-related central nervous system (CNS) disorder, AIDS dementia complex (ADC), is characterized by motor, behavioral, and cognitive abnormalities. It occurs primarily in late stages of infection and frequently results in severe dementia and physical disability (45, 47, 56) . Despite these profound clinical sequelae, the underlying mechanisms responsible for ADC are still unknown. The most consistent laboratory findings associated with ADC have been the presence of HIV-1 in brain tissue of affected individuals and a strong association between HIV-1 expression (RNA and protein) and clinical severity of illness (14, 15, 21, 24, 28, 32, 41, 54, 66, 72) . Multinucleated giant cells and microglial nodules have been identified as characteristic histological markers, and their appearance has been interpreted to be the result of HIV-induced cell fusion and cytolytic infection (5, 16, 26, 35, 37, 52, 66, 72) . It has also been postulated that alterations of cytokine networks in the brain, the release of viral proteins per se, or the production of neurotoxic factors by virus-infected cells may contribute to the pathogenesis of ADC (18) .
Advances in polymerase chain reaction (PCR) technologies have recently enabled the genetic characterization of HIV-1 directly from uncultured patient material (3, 10, 36, 65) , and results from these studies indicate that culture-derived isolates represent a selected subpopulation of viruses with an in vitro growth advantage (36, 65) . PCR technology, however, has been limited to the analysis of subgenomic viral fragments and has not yet been established as a method to obtain full-length proviruses from uncultured tissue. As an alternative to the derivation of proviral clones from cell cultureamplified virus, we sought to obtain HIV-1 genomes directly from uncultured human tissues in order to characterize the genetic composition of HIV-1 as it exists in vivo. In this report, we describe the molecular and biological characterization of 10 recombinant HIV-1 lambda phage clones isolated from a genomic library of uncultured brain DNA derived from a patient with ADC. Availability of these clones allowed us, for the first time, to examine the integration properties, genomic organization, genotypic variability, and biological characteristics of HIV-1 viruses not previously subjected to in vitro selection pressures.
MATERIALS AND METHODS
Patient specimen. Brain samples were obtained from a patient with AIDS (patient 1) who died with severe HIV-1-associated encephalopathy (ADC). Autopsy was performed within hours of the patient's death, and brain tissue was dissected into 1-to 2-cm3 pieces, snap frozen in liquid nitrogen, and stored at -70°C. Immunohistochemical studies demonstrating a productive HIV-1 infection in sections of the same brain have been reported previously (37) .
DNA extraction and Southern blot analysis. Extraction of high-molecular-weight DNA from uncultured brain tissue has been described previously (53, 54) . Briefly, frozen brain specimens were pulverized in liquid nitrogen, lysed in DNA extraction buffer (10 mM Tris-HCl [pH 8 .0], 5 mM EDTA, 0.5% sodium dodecyl sulfate [SDS] ), digested with proteinase K (100 jig/ml) at 50°C for 4 h, and incubated at 37°C overnight. Total genomic DNA was adjusted to 0.3 M sodium acetate (pH 6.0), extracted twice with phenol-chloroform (1:1) and once with chloroform, precipitated with 2 volumes of absolute ethanol, and dissolved in TE buffer (10 mM Tris-HCl [pH 7.6], 1 mM EDTA). High-molecularweight DNA (20 ,ug) was digested with restriction enzymes, separated by electrophoresis on a 0.6% agarose gel, blotted onto nitrocellulose filters, hybridized to a 32P-labeled fulllength HIV-1 probe (BH1Oi; 22) , and exposed to X-ray film for 3 days. Positive and negative control DNAs (5 ,ug) were analyzed in parallel. The resulting autoradiogram was used to estimate the relative abundance of HIV-1 sequences in the uncultured brain DNA and to identify restriction enzymes suitable for lambda phage cloning (Fig. 1) .
Molecular cloning of unintegrated HIV-1 circles from uncultured brain DNA. A genomic lambda phage library was constructed as described previously (22, 34 viral circles comprised the majority of HIV-1 sequences within this particular sample (Fig. 1A) . We therefore constructed a genomic lambda phage library in XgtWES AB, using EcoRI-digested brain DNA fractions 9 to 12 kb in length (Fig. 1B) . Screening approximately 30 genomic equivalents (8 x 106 lambda phage plaques), we identified 10 recombinant clones that hybridized to a probe specific for HIV-1.
Detailed restriction enzyme analysis and Southern blot hybridization studies confirmed the presence of HIV-1 sequences in all 10 recombinant clones and determined the lengths and orientations of their viral inserts (Fig. 2) Internal deletions of different lengths were identified in three molecular clones ( Fig. 2 and 3A) . YU-5 contained a 3,044-bp deletion in the 3' half of its genome, which included portions of tat and rev, the entire vpu and env genes, and the Nterminal half of nef. YU-27 was characterized by a less extensive deletion (549 bp) which included the C terminus of the env gene and the N terminus of the nef gene. Yu-1 contained a 555-bp deletion in its gag gene which involved the entire p17 protein and a portion of the p24 protein but did not include sequences 5' of gag such as the viral packaging signal. None of the deleted fragments extended to the U3 or U5 region of the viral LTR. The EcoRI cloning site was mapped within the vpr gene (position 5742 of the HXB2D sequence; 48).
Integration of most retroviruses involves the removal of 2 bp from the termini of the unintegrated linear DNA precursor as well as a duplication of the target sequence at the insertion site (19, 30, 64) . Viral circles with two LTRs generally contain those nucleotides which are lost during the integration process within their circle junction, since they result from blunt-end ligation of unintegrated linear molecules (19, 30, 64) . To examine whether HIV-1 proviral integration in primary tissue involved similar mechanisms, we sequenced the LTR-LTR circle junction in clone YU-32 (Fig. 3B) . The results demonstrated the presence of four additional nucleotides between the conserved CA and TG dinucleotides that generally delineate the boundaries of integrated HIV-1 proviruses (. .CA-GTAC-TG. .). These data thus indicated that linear HIV-1 molecules contain two dinucleotides at each terminus which are lost before or during recombination with the host genome in vivo.
Nucleotide sequence analysis was also required to further characterize the nature of viral and nonviral sequences in clone YU-6. Restriction enzyme analysis indicated several enzyme site differences 5' of the YU-6 LTR which distinguished this phage clone from all other brain-derived constructs. Subgenomic probes of HIV-1 failed to detect envelope sequences 5' of the LTR, whereas this same region hybridized to nick-translated normal human PBMC DNA, thus indicating the presence of human repetitive sequences (data not shown). Nucleotide sequence analysis of the LTR junction fragment of YU-6 identified the expected boundaries between an integrated HIV-1 provirus and adjoining cellular sequences (Fig. 3C) .
Self-integrated HIV-1 circles in primary infected tissue. Detailed restriction enzyme analysis identified two lambda phage clones (YU-3 and YU-4) as exhibiting extensive genomic rearrangements in the 5' halves of their genomes. Further characterization revealed that both clones contained extraneous HIV-1 LTR sequences in reverse orientation with respect to the remainder of the viral genome. To analyze more precisely the nature of these inverted LTR fragments and to elucidate the mechanisms by which they were generated, we determined their nucleotide sequences as well as the sequences of their insertion sites (Fig. 4) .
Sequence analysis revealed that both of an integrated HIV-1 provirus (5'-TG. . .AC-3'). This fact, as well as the observed duplication of sequences (AATAC) normally present only once in this region of the HIV-1 genome indicated that the inverted LTR in YU-4 was the result of an autointegration event. Inverted LTR sequences were also identified in the pol gene of YU-3. However, this inversion was associated with deletions involving both LTR and pol sequences. The LTR itself lacked 6 bp on its 3' and 3 bp on its 5' end, while a major portion of the pol gene (1, 197 bp) was also missing. No direct repeats were identified in the vicinity of the insertion site, and there were no additional deletions or alterations within the inverted LTR. Because of the absence of the characteristic target sequence duplication, the mechanisms responsible for the genomic rearrangements in YU-3 are less clear. Interestingly, genomic inversions in both YU-3 and YU-4 involved solely LTR sequences and did not include adjacent viral sequences as has been observed in other retroviral systems (57, 58, 61, 63) . Also, there was no evidence for consensus sequences for target site recognition in regions adjacent to both inverted LTRs.
Genetic variability of HIV-1 in uncultured human brain. Current data regarding the genetic heterogeneity of HIV-1 have been derived from studies of virus culture (49, 53) and from direct PCR amplification of primary, uncultured tissues (3, 10, 36, 65) . Important differences in results from these two approaches include a lesser degree of HIV-1 genetic variation in vitro and a surprisingly high proportion of defective viral genomes in vivo (36) . The availability of both recombinant lambda-and PCR-derived molecular clones of HIV-1 from the same brain specimen allowed us to directly compare HIV-1 variability by these two approaches. Moreover, the PCR analyses served to independently confirm the origin and authenticity of the lambda phage clones. A 510-bp fragment containing the V3 loop and adjacent envelope sequences was amplified by single-round PCR, subcloned into M13, and subjected to nucleotide sequence analysis. Twelve independent M13 clones and eight lambda phage clones were sequenced in the same envelope region. An alignment of their sequences is depicted in Fig. 5 .
Comparing a total of 20 independent envelope sequences, we identified 1 predominant viral genotype YU-10) to generate viral genomes in nonpermuted orientation. This was achieved by subcloning a SalI-EcoRI fragment (containing the 5' half of the virus) and a EcoRI-SphI fragment (containing the 3' half of the virus) into the same plasmid vector (Fig. 6A) . Subsequent transfection experiments confirmed the results obtained with use of self-ligated lambda phage inserts. pYU-2-derived virus replicated well in primary lymphocytes and monocytes and induced syncytia when cocultivated with Molt-4 (clone 8) cells (Fig. 6C) . Electron microscopy demonstrated normal particle morphology, and Western blot analysis confirmed the presence and appropriate size of all virus-specific proteins (Fig. 6B and D) . Importantly, pYU-2-derived virus infected primary macrophages and replicated to high titers, exhibiting growth characteristics similar to those previously identified for macrophage-tropic HIV-1 strains (47a, 69). Transfection of pYU-10 failed to result in a productive viral infection even in the nonpermuted plasmid construct. This result strongly suggested that YU-10 was replication defective, although certain viral genes, including the gag and env genes, appeared to be functional, since transient p24 production and syncytium formation were observed.
DISCUSSION
In this report, we describe the molecular cloning of 10 HIV-1 viral genomes from uncultured human tissue and describe their genetic and basic biological properties. The availability of these clones allowed us to address a number of questions relating to the molecular biology of HIV-1 in vivo which could not be studied previously. These included an analysis of the genetic structure and complexity of unintegrated HIV-1 circles in primary infected tissue, characterization of defective and rearranged genomes, evaluation of in vivo genetic variability as determined independently by lambda phage cloning and PCR analysis, and biological characterization of HIV-1 genomes not previously subjected to tissue culture selection pressures.
Complexity of HIV-1 circular DNA in primary infected brain tissue. HIV-1 exists in primary tissues of infected individuals in both chromosomally integrated and unintegrated forms, although the ratio of unintegrated versus integrated molecules differs considerably according to the organ system analyzed (41). Brain tissue contains the highest proportion of extrachromosomal DNA, and patients who suffer from ADC harbor more unintegrated DNA within their CNS than do individuals without neurological symptoms (41, 54) . Unintegrated DNA intermediates are generally synthesized immediately following viral entry (19, 64) , and an accumulation of such molecules would be expected to represent acute infection or reinfection of susceptible target cells. However, the failure to find evidence of cell-free virus in brain by p24 antigen capture assay (41) Our study allowed, for the first time, a determination of the genomic organization of unintegrated circular HIV-1 molecules as they exist in vivo. Similar to what is found for other retroviruses, HIV-1 circles were found to represent intact as well as defective molecules, contain either one or two copies of the viral LTR, and comprise rearranged genomes with internal inversions and deletions (19, 64) . There were, however, structural differences that distinguished the brain-derived HIV-1 circles from all previously studied retroviruses. For example, three of nine clones (30%) exhibited internal deletions that involved various parts of the HIV-1 genome. Olsen and colleagues reported a similar fraction of deleted molecules among 193 circles of Rous sarcoma virus (40) . However, 75% of these deletions terminated either within or in close proximity of the viral LTR and included cis-acting sequences essential for RNA transcription and packaging (40) . Surprisingly, none of the deletions in our clones extended into the viral LTR or involved adjacent regulatory regions such as the packaging signal. These HIV-1 molecules could therefore, at least theoretically, replicate via a helper virus genome. The circular forms of oncogenic retroviruses are also known to contain genomic inversions which involve LTR sequences and adjacent genomic regions (57, 58, 61, 63) . In our study of nine unintegrated HIV-1 circles, two molecules with similar internal inversions were identified, although both clones contained exclusively LTR sequences. It is conceivable that these structural differences result from processes specific for HIV-1 replication and persistence in brain-resident target cells.
Retroviral integration results in a loss of 2 bp from the termini of the unintegrated linear DNA precursor as well as a duplication of host cell sequences at the site of proviral insertion (19, 30, 64) . The length of the target sequence duplication is specific for individual retroviruses and, in the case of HIV-1, comprises a direct repeat of 5 bp (6, 38, 67) . Two of the nine HIV-1 brain clones (YU-3 and YU-4) contained inverted LTR sequences within the viral pol gene. A 5-bp duplication immediately adjacent to the recombination site in one of these clones (YU-4), as well as the boundaries of the inverted LTR itself, strongly suggested that LTR-mediated autointegration was responsible for this genomic rearrangement. While similar alterations have been shown to occur in the genomes of oncogenic retroviruses (57, 58, 61, 63) , the existence of self-integrated HIV-1 circles in primary human tissue has not yet been described. Moreover, none of the previously reported autointegration models provided an adequate explanation for the generation of the rearranged HIV-1 molecules. To better accommodate the structural characteristics of YU-3 and YU-4, we propose an alternative model (Fig. 7) . This model proposes that a circular and a linear HIV-1 molecule integrate into each other. As a result of this autointegration event, a 5-bp direct repeat is created at the insertion site (viral pol gene), while 2 bp are lost from the end of the unintegrated linear molecule. As directly from uncultured brain also allowed us to better define HIV-1 integration processes as they occur in vivo. Previous studies of cultured viral isolates demonstrated a 5-bp target sequence duplication immediately adjacent to integrated HIV-1 proviruses (6, 38, 67) . Moreover, the majority of HIV-1 circle junctions, as amplified by PCR from HIV-1-infected culture DNA, were shown to contain an additional 4 bp between their tandem LTRs (25, 43, 59, 71) . Our results demonstrating the same four nucleotides (GTAC) between the two LTRs in YU-32 ( Fig. 3B) as well as an identical 5-bp direct repeat (AATAC) immediately adjacent to the self-integrated LTR in (Fig. 4) independently confirm the findings of these earlier studies. Most importantly, however, our results extend these conclusions to an in vivo situation.
The biological significance of unintegrated HIV-1 circles, including those resulting from self-integration processes, are presently unknown. Circular viral forms are generally believed to represent a by-product of retroviral integration, while linear molecules serve as the direct precursor for proviral integration (19, 64) . While (20, 49) and later in uncultured PBMCs (3, 36, 65) , is well recognized as a characteristic feature of all immunodeficiency viruses. Comparison of the brain-derived HIV-1 strains with other unrelated HIV-1 viruses indicated a degree of genetic variability similar to that previously identified for North American isolates. Nucleotide sequence divergence in the selected envelope region ranged between 9% for HIV-1/JRFL (29) and 25% for LAV/ELI (1). The deduced V3 loop sequence of the predominant brain strain differed from the V3 consensus sequence by two amino acid changes, both of which represented less frequent substitutions characteristic for a subset of HIV-1 viruses (31) .
In contrast to the usual range of heterogeneity observed in independent HIV-1 isolates, intrastrain variability among the brain-derived clones was surprisingly low. Except for one PCR clone with 42 (8.2%) base pair substitutions, we identified only 0.2 to 1.2% nucleotide sequence differences among all other clones sequenced (Fig. 5) . A recent study of Scottish hemophiliacs indicated that intrastrain diversity can vary considerably among individual patients (3) . It is thus possible that the greater uniformity of HIV-1 sequences in our brain sample is the result of a lower propensity to genetic changes in one particular individual. Alternatively, a reduced intrastrain variability may also be tissue specific and may reflect less stringent immune pressures, lower rates of replication, the persistence of one particular viral variant, or other tissue-specific constraints that affect HIV-1 genotypic variability. Additional brain samples from other patients with ADC will have to be examined to answer these questions.
Whereas all brain-derived HIV-1 sequences were highly related to each other, mutations among the lambda phagederived clones were found to be less frequent than for PCRderived clones. Of 4,080 bp of total sequence, only five basepair differences were detected among the eight lambda phage clones (Fig. 5) . PCR sequences exhibited more sequence changes per individual clone and a greater number of distinguishable variants. In addition, only PCR clones contained single-base-pair deletions as well as G-to-A changes, which resulted in frameshift mutations and premature stop codons. Given the small number of PCR and lambda phage clones available and the limited amount of envelope sequence determined, an interpretation of these results is difficult. However, it appears that HIV-1 circles comprise a relatively more homogeneous population of viral sequences than do the PCR-derived clones. Since virtually every section of the brain tissue used for the cloning study expressed HIV-1-specific antigens (37) , it is conceivable that the unintegrated DNA circles represent a subgroup of transcriptionally active viral genomes which are more limited in sequence variability. PCR, on the other hand, would be expected to amplify all HIV-1 sequences, including defective and latent viruses. It will be important to determine whether the greater spectrum of genetic variability as determined by PCR analysis is biologically relevant or whether it represents, at least to some extent, a "graveyard" of viral sequences with little contribution to viral pathogenicity.
The identification of clustered G-to-A mutations in 1 of the 12 PCR clones is of interest, particularly in light of recent results of other investigators (38a, 65) . G-to-A hypermutation is frequently found in PCR-derived clones from cultured as well as uncultured material and appears to represent a characteristic feature of lentiviral genomes. Control experiments with cloned DNA molecules (20, 36) as well as sequence analysis of lambda phage clones (42) have ruled out Taq polymerase errors as the source of these sequence changes. A mutant reverse transcriptase or suboptimal conditions within an infected cell during reverse transcription are likely responsible for the observed changes (65) . The identification of such molecules in primary brain tissue indicates that G-to-A hypermutation is not restricted to PBMCs but rather represents a general phenomenon of HIV-1 replication in vivo.
Biological properties of HIV-1 genomes cloned directly from uncultured brain. Isolation and propagation of HIV-1 in tissue culture has thus far been the only method feasible for obtaining sufficient quantities of viral DNA for the molecular cloning of transfection-competent HIV-1 genomes. PCR has facilitated the amplification of up to 5,000 bp of viral sequences from primary tissue (38a) , although cloning of fulllength HIV-1 proviruses has not yet been accomplished. Since tissue culture is highly selective for viruses with an in vitro growth advantage, molecular clones derived from cultured cell DNA might not be representative of the biologically most relevant virus. Viral properties, including cell tropism, replication potential, and cytopathic activity, are known to differ in various target cells and are thus particularly prone to in vitro selection pressures (8, 12, 13, 29, 73) . HIV-1 genomes obtained without interim culture might therefore be superior to tissue culture-derived clones for the evaluation of such viral properties.
Preliminary biological analysis of four full-length HIV-1 genomes cloned from uncultured brain identified one (YU-2) as replication competent. Virus derived from this clone replicated in primary T cells and Molt-4 (clone 8) cells but was restricted in its cell tropism for SupTl and CEMx174 cells. Most importantly, the brain-derived virus was able to grow and replicate to high titers in primary macrophages. In fact, comparative studies indicated that its growth characteristics and replication kinetics were comparable to or exceeded those of previously identified macrophage tropic prototype strains (47a, 69) . More detailed in vitro studies are needed to determine the full spectrum of YU-2's host cell range, replication rate, and cytopathic potential. However, the preliminary data obtained thus far point toward the potential importance of this molecular clone for future studies of macrophage and neurotropism. The availability of HIV-1 brain clones will also be instrumental for studies of gene structure-function relationships in viral genomes not previously subjected to in vitro selection pressures. In particular, the analysis of brain-derived envelope glycoproteins might reveal interesting information, since their biophysical properties, including host cell tropism, fusogenic properties, and CD4 binding affinity, have been selected by nature and not by tissue culture passage and amplification.
